Relating stream function and land cover in the Middle Pee Dee River Basin, SC  by Jayakaran, A.D. et al.
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Study  region:  The  study  region  comprised  sixteen  stream  sites  and  associated  contributing
watersheds  located  in  the  Middle  Pee  Dee River  Basin (MPDRB)  of  South  Carolina,  USA.
Study  focus:  The  study  was  conducted  between  2008  and  2010  to quantify  how  indices
of streamﬂow  varied  with  land  cover  characteristics  analyzed  at multiple  spatial  scales
and ﬂuvial  geomorphic  characteristics  of sampled  streams  in  the  MPDRB.  Study  objectives
were to relate  three  indices  of  streamﬂow  that reﬂect  recent  temporal  ﬂow  variability  in
a stream,  with  synoptic  stream  geomorphological  measurements,  and  land  cover  type  at
speciﬁc  spatial  domains.
New  hydrological  insights  for  the  region:  Modiﬁcations  to the  landscape,  hydrologic  regime,
and  alteration  to  channel  morphology,  are  major  threats  to the  functioning  of  riparian
ecosystem  functions  but can  rarely  be  linked to a single  common  stressor.  Results  from  the
study showed  that  in  the  MPDRB,  wetland  cover  in the  riparian  corridor  was  an  impor-
tant  factor,  correlating  signiﬁcantly  with  stream  ﬂashiness,  channel  enlargement,  and  bed
substrate  character.  It was  also  shown  that  a combination  of stream  geomorphological
characteristics  when  combined  with  landscape  variables  at speciﬁc  spatial  scales  were
reasonable  predictors  of all three  indices  of streamﬂow.  The  study  also  highlights  an  inno-
vative statistical  methodology  to relate  land  cover  data  to  commonly  measured  metrics  of
streamﬂow  and  ﬂuvial  geomorphology.
© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
. Introduction
In 2010, the South Carolina Legislature sought to regulate withdrawals from surface water sources in the state
A247—South Carolina Surface Water Withdrawal, Permitting, Use, and Reporting Act, 2010). The potential alteration to
ow regimes by surface water withdrawals and their impacts on riparian ecosystems is still to some extent an unknown
n several watersheds that are affected by the law. In order for regulatory agencies to make sound decisions in granting
urface water permits, a greater understanding of the relationship of current streamﬂow rates, channel morphology, and
and cover drivers in South Carolina’s watersheds became of critical importance. This study was  conducted from 2008 to
010 to determine the ﬂuvial geomorphic characteristics of the Middle Pee Dee River Basin (MPDRB), and the relationship
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of these riparian systems to land cover. While the physical characteristics of a riparian system are intimately intertwined
with the biological and ecological character of the ecosystem, this study focused solely on the abiotic structure of stream
and landscape. The goal of this work was to investigate the relationship between landscape characteristics and three indices
of stream ﬂow. The overall objective of this work was to determine if by measuring common landscape and stream geomor-
phological parameters in the MPDRP, could one reasonably estimate characteristics of streamﬂow regime without having
to invest the time and resources needed to measure continuous streamﬂow at a location. Ultimately, we  hoped that this
work would provide insight on landscape factors that most inﬂuenced ﬂow regime for their inclusion in the development
of planned, state-regulated ﬂow regimes that would maintain ecological viability in the MPDRB.
1.1. Watershed scale analyses and stream health
It has been widely documented that anthropogenic changes to the landscape impact riparian systems (Brabec, 2009;
Booth et al., 2004; Allan, 2004; Poff et al., 1997; Hammer, 1972) and in many cases can lead to alterations that surpass the
system’s ability to return to its original state (Blann et al., 2009). Blann et al. (2009) identiﬁed modiﬁcations to hydrology,
geomorphology, nutrient cycling, and sediment dynamics as being major threats to riparian system functions. Land cover
changes can result in drastic changes to water quality (Bedoya et al., 2009), hydrologic regime (Booth and Jackson, 1997),
and increased sediment inputs that subsequently impair stream habitat (Tufford et al., 2003; Gergel et al., 2002). However,
such drastic changes are rarely linked to a single stressor (Bedoya et al., 2009). There are several metrics used to quantify
anthropogenic inﬂuence on a landscape, these include summed total impervious area (IMP) (Hammer, 1972), Landscape-
Disturbance Index (LDI) as deﬁned by Stanﬁeld and Jackson (2011), and the extent of agricultural and commercial land
cover within a watershed. Each metric has been found to inﬂuence the physical and ecological condition of a stream system
(Brabec, 2009; Booth and Jackson, 1997). Impervious area has been shown to have deleterious impacts on stream processes
(Brabec et al., 2002) and thresholds for maintaining stream health tend to be watershed-speciﬁc ranging from 4 to 15%
imperviousness (Schueler, 1994; Klein, 1979; Booth and Jackson, 1997; Hicks and Larson, 1997; Baker et al., 2004; Brabec,
2009). Agricultural land uses within highly modiﬁed watersheds are often synonymous with higher nutrient inputs to stream
systems (King et al., 2005; Howarth et al., 1996; Vitousek et al., 1997; Tilman et al., 2001) as well as hydromodiﬁcation
associated with stream channelization (Jayakaran and Ward, 2007; Rhoads and Herricks, 1996).
1.2. The analysis of landscape metrics at multiple scales
With evidence of landscape impacts on stream function (Blann et al., 2009; Frimpong et al., 2005; Sutherland et al., 2002;
Fitzpatrick et al., 2001; Davies et al., 2000; Stauffer et al., 2000; Roth et al., 1996; Berkman and Rabeni 1987; Oswood and
Barber, 1982), there is also evidence that certain landscape drivers have greater inﬂuence on instream function at speciﬁc
spatial scales (e.g. King et al., 2005; Sponseller et al., 2001; Maddock 1999; Rankin, 1995). While some aspects of a stream’s
character (such as bed material type, presence of woody debris, channel roughness) tend to be inﬂuenced by localized/reach-
scale factors, others (such as channel shape, bed material transport, stream ﬂashiness) are more inﬂuenced by factors at larger
landscape/catchment scales (Bedoya et al., 2009; McRae et al., 2004; Wang et al., 2003; Richards et al., 1996; Allan et al.,
1997). However, it is important to note distinctions between landscape and reach scale processes are mostly semantic,
and pragmatically there is considerable overlap between the two. For example, Allan et al. (1997) showed that land cover
could be a strong indicator of reach-speciﬁc biological and habitat integrity for 100-m reaches, where biological and habitat
integrity were measured by a habitat index (HI) and an index of biotic integrity (IBI), respectively. In that study (Allan et al.,
1997), agricultural land cover explained as much as 50% of the variance in IBI and 75% of the variance in HI. The authors
also documented that agricultural cover at the catchment scale was  far more indicative of biota and habitat at a site than
reach-scale land cover information, although correlations were found at both scales.
1.3. Characterizing streamﬂow
Synoptic physical habitat assessments and ﬂuvial geomorphic measurements provide insight into the current ecological
condition of a stream, but do not include information on stream functioning that can only be derived from a record of
recent streamﬂow data. The lack of information on recent ﬂow history is usually a function of the cost-prohibitive nature of
installing, and maintaining, continuous streamﬂow logging equipment. With this study, we hoped to show that through the
synoptic measurement of speciﬁc characteristics of channel morphology and land cover, certain characteristics of streamﬂow
at a site might be revealed. Secondly, we also hoped to develop insight into what land cover parameters most inﬂuenced
ﬂow in the streams of the MPDRB. Three indices were chosen to characterize streamﬂow:) A measure of channel enlargement (Pizzuto et al., 2000) requiring knowledge of bankfull ﬂow at that location—Hammer
number (H).
) An estimate of stream ﬂashiness (Baker et al., 2004) requiring a continuous ﬂow record at a site—Richards Baker Flashiness
Index (RBI).
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) An estimate of bed material transport (Brownlie, 1981) requiring both streamﬂow record, channel dimensions, and
channel substrate data—Bed Material Yield (BMY).
The three selected indices of streamﬂow provide information on stream function in light of prevailing reach-scale and
andscape-scale characteristics of the watershed. These indices could potentially be used to characterize how stream function
ight change over time, given changes to landscape (land use change) or ﬂow regime (dams, water withdrawals).
Hammer number (H) was a metric proposed by Pizzuto et al. (2000) as a means to quantify the phenomenon of channel
nlargement due to urbanization (1972). Mathematically, H is deﬁned as the ﬂow conveyed by the bankfull channel per unit
atershed area or, bankfull ﬂow rate per unit drainage area (units: m/s). H reﬂects the hydraulic properties of the stream
hannel reach and not the hydrologic characteristics of the watershed (Pizzuto et al., 2000). This is not to say that H is
naffected by drainage area, but to say that H is a measure of how the bankfull channel has adjusted to prevailing hydrologic
onditions.
Flashiness (RBI) quantiﬁes the rate of change of storm-associated ﬂow with respect to base ﬂow conditions with higher RBI
alues signifying “ﬂashier” streams. Flashiness in streams is typically associated with increased watershed imperviousness
e.g. Walsh et al., 2005) but has also been associated with stream channelization and high groundwater conditions (e.g.
ayakaran et al., 2014). RBI is a unitless index that does not have a maximum limit although Baker et al. (2004) reported a
aximum RBI of 1.3 in a study of 515 Midwestern streams.
Bed Material Yield (BMY) is the total bed material transported by a stream expressed per unit watershed area (units:
ons/ha/yr). BMY  was chosen as an index of stream functioning as it integrates the hydraulic properties of a stream reach,
ydrologic character of the watershed, and bed material characteristics of stream substrate. For this study, we calculated
MY using Brownlie’s (1981) resistance equations for sand-bed streams (USDA-NRCS, 2004) using ﬂow and bed material
nformation.
.4. Study objectives
Objectives of this study were to: (a) relate three indices of stream ﬂow to observed stream geomorphological features,
b) identify which land cover types and at what spatial resolution most inﬂuence indices of streamﬂow, (c) determine if
ombinations of landscape and geomorphological variables can adequately predict certain streamﬂow characteristics.
. Study area and methods
Streams and tributaries within the MPDRB classify as low gradient blackwater coastal plain streams with sand or sand-
ravel mix  streambeds. All 16 sites were located in the level 3 Southeastern Plains ecoregion (Olsen et al., 2001) and within
wo level 4 ecoregions: Atlantic Southern Loam Plains and Sand Hills (Fig. 1). The Southeastern Plains ecoregion lies between
he Piedmont and the Middle Atlantic Coastal Plain. Study sites were selected to represent a wide range of watershed areas
17–1,718 km2). Site selection was also dependent upon land use within the watershed, ease of access, and security of
nstrumentation. Six of the chosen sites were co-located with United States Geological Survey (USGS) ﬂow monitoring
auges, and ﬁve sites were chosen in conjunction with the South Carolina Department of Natural Resources (SCDNR) ﬁsh-
onitoring program. Average annual rainfall in the region is 1,197 mm while evapotranspirative demand is 762 mm annually
Lu et al., 2005).
.1. Lands cover metrics and scales of spatial analyses
Six land cover metrics were analyzed at ﬁve spatial scales per Sponseller et al. (2001): the entire catchment scale, a
iparian corridor scale, and three riparian ‘sub-corridor’ scales (200, 1000 and 2000 m upstream of study site). The entire
atchment scale comprised the entire watershed upstream of a sampling site. The riparian corridor scale comprised a riparian
uffer deﬁned in the lateral (landscape-to-stream) direction by a hydraulic ﬂow length of 180 m extending to either side
f the stream. The hydraulic ﬂow length (or ﬂow travel distance) was derived from a 30-m digital elevation model within
 geographic information system (GIS) using the Arc Hydro tool (ArcMap version 10.0, Environmental Systems Research
nstitute, Redlands CA). The riparian corridor in the longitudinal upstream direction (along-channel) included all streams
nd tributaries upstream of the sampling site. The riparian corridor was  further subset into three riparian sub corridors that
xtended to one of three distances upstream from a sampling site—200 m,  1000 m,  and 2000 m upstream of the site. The only
eparture from Sponseller et al.’s (2001) methodology was  our choice of deﬁning the lateral corridor width by hydraulic ﬂow
ength. The six metrics of land cover were derived from the 2006 National Land Cover Database (NLCD) geospatial dataset
ithin a GIS environment. The land cover metrics used in this study were: land disturbance index (LDI), curve number (CN),
otal impervious area (IMP), percent forested land (FOR), percent agricultural land (AGR) and percent wetlands (WET).
LDI (Stanﬁeld and Jackson, 2011) was classiﬁed in a GIS environment per methodology prescribed by Morrison et al.2006). The following simpliﬁcations of the 2006 NLCD dataset were performed to be consistent with the classiﬁcation
ystem used by Stanﬁeld and Jackson (2011): agricultural areas included all land cover classiﬁed as row-crop agriculture;
orested areas included all pine, deciduous and mixed forest classes; and wetlands areas included all herbaceous wetland, and
mergent herbaceous wetland classes. Land cover classiﬁed as open water, barren land, and herbaceous grasslands were
264 A.D. Jayakaran et al. / Journal of Hydrology: Regional Studies 5 (2016) 261–275Fig. 1. Location of study sites, major stream networks and contributing drainage areas. Inset ﬁgure (a) shows all sites are located within the Southeastern
Plains  level 3 ecoregion. Inset ﬁgure (b) shows Sites 1, 2, 11, 12, 15, and 16 are located in the Atlantic Southern Loam Plains ecoregion (level 4). The remaining
sites  fall within the Sand Hills ecoregion (level 4). See Table 1 for more site-speciﬁc information.
omitted from all analyses. Hydrologic curve number (CN) was derived by cross-referencing geospatial data representing
land cover and hydrologic soil grouping, where all geospatial data had a 30 × 30 m spatial resolution. Hydrologic soil groups
(HSG) were derived by reclassifying data from the National Resources Conservation Service’s Soil Survey Geographic database
(SSURGO). HSG data were then cross-referenced against land cover information from the 2006 NLCD dataset. As a result,
unique CNs were obtained for every 30 × 30 m pixel representing the MPDRB region.
2.2. Stream geomorphology and ﬂow measurements
For the ten wadeable stream sites, topographical surveys were used to measure channel pattern, proﬁle, and dimension
per Harrelson et al. (1994). At each site, the stream proﬁle was  surveyed for thirty bankfull widths and included thalweg, water
surface and bankfull elevations. At least three representative cross sections along the surveyed proﬁle were also measured.
At the six non-wadeable sites, channel pattern, proﬁle, and dimension below the water level were characterized using a
ﬂoating acoustic doppler current proﬁler (ADCP) unit (Sontek River Surveyor M9,  San Diego, CA). Topographic surveys were
carried out to complete the above-water portions of the stream cross sections that could not be proﬁled with the ADCP unit.
Survey data were processed using the Reference Reach Spreadsheet for Channel Survey Data Management (Mecklenburg and
Ward, 2004). Riparian condition was assessed using the Qualitative Habitat Evaluation Index (QHEI) developed by Rankin
(1989). QHEI is a semi-quantitative physical habitat index developed to provide an evaluation of habitat quality for ﬁsh.
Scores range from 0 to 100 with scores above 60 considered to be good to excellent for aquatic life, and scores below 45
considered limiting. For this study, QHEI was used purely as a means to compare relative habitat quality among sites, and
not for comparison with sites from other studies and regions.
Flow velocities at wadeable sites were measured using a hand held ﬂow meter (YSI-Sontek Flow Tracker, San Diego, CA)
per John (2001), and at non-wadeable sites using the ADCP unit per Mueller and Wagner (2009). Bed material samples at
each stream site were collected at ﬁve locations with a shallow water bottom dredge sampler following a gridded sampling
approach. Bed material samples were then dried, analyzed by sieve analysis for particles larger than 2 mm,  and by a laser
diffraction particle size analyzer (Beckman CoulterTM, Brea, CA) for particles between 0.001 mm and 2 mm.  Particle size
distribution was characterized by calculating the 16th, 50th, and 84th percentiles (D16, D50, and D84, respectively) as well
as the geometric sorting () coefﬁcient (Kondolf et al., 2003). Bankfull deﬁning hydraulic geometry was  not estimated at
site 15 as signiﬁcant beaver activity immediately downstream of the site early in the study limited ﬂow estimation. For this
study, all bankfull values were determined based on indicators outlined by Dunne and Leopold (1978). A weight of evidence
approach to estimate bankfull elevation was made, satisfying as many indicators as possible.
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Fifteen-minute streamﬂow data for the six USGS sites were obtained from the USGS real time water website
http://waterdata.usgs.gov/sc/nwis/rt); data availability ranged from 3 to 52 years. For the ten remaining sites, ﬂow was
etermined from atmospheric pressure compensated stream stage data (Levelogger® and Barrologger®, Solinst, Ontario,
anada) in conjunction with stage-ﬂow rating curves developed for each site. Sensors were in place for a period of almost
 years from July 2009 to June 2012. USGS ﬂow records were truncated to the period between July 2009 and June 2012
nsuring that the period for streamﬂow data was  consistent across all 15 sites. The only exception is a shortened streamﬂow
ecord from site 16 (Jeffries Creek, USGS) due to decommissioning of that site in September 2010. Fifteen-minute ﬂow and
tream stage data were converted to mean daily values for estimation of streamﬂow indices.
.3. Indices of stream ﬂow
Stream ﬂow was characterized by evaluating three primary indices – the Richards-Baker Flashiness Index (RBI) (Baker
t al., 2004), Hammer number (Pizzuto et al., 2000), and bed material yield (BMY) as estimated using Brownlie’s equation
1981) for sand bed streams. Calculated bed material transport was summed over the period of study and converted to a
ield per unit watershed area.
.4. Statistical analysis
The classifying of ﬂuvial geomorphic variables strictly as dependent and/or independent is complicated by the interde-
endence of variables brought about by reinforcing feedback loops between water, sediment, vegetation, landscape and
hannel shape (Schumm and Lichty, 1965; Ashworth and Ferguson, 1986); as well as the self-organizing character of ﬂuvial
rocesses (Jayakaran and Ward, 2007; Rodríguez-Iturbe and Rinaldo, 2001; Parker, 1996). To handle this complexity, we
eliberately chose not to test a priori hypotheses. Instead we  chose to classify statistical analyses in this study into two  types:
ausal type analyses where we identiﬁed predictor and response variables and tested their relationship by bivariate regres-
ion; and predictive type analyses where multiple regression models were developed to predict an index of streamﬂow,
ased on selected landscape and channel morphological parameters.
All data were grouped into three classes: (1) three stream ﬂow indices (RBI, H, and BMY) treated as both dependent and
ndependent variables depending on the type of analysis (2) thirty land cover variables comprising six land cover classes at
ve spatial scales, all treated as independent variables, and (3) twelve channel geomorphological variables describing riparian
abitat, bankfull features, bed material, stream slope, and stream roughness treated as dependent or independent depending
n the analysis. A summary of how variables were treated and statistical analyses used is outlined in Table 2.
All data were ﬁrst tested for normality using Shapiro–Wilkes’ test and when non–normal, transformed using Box Cox
ransformations (Box and Cox, 1964). Those variables that did not achieve a normal distribution post-transformation were
mitted from further analyses. The strength of relationships between indices of stream functioning, and inﬂuential geo-
orphological and land cover variables were tested by simple and multiple regression techniques at  ˛ = 0.10. Due to the
arge number of independent variables, only selected geomorphological and land cover variables were used for subsequent
egression testing. To pare down variables, only those most correlated with indices of stream ﬂow by Pearson correlation
ere chosen for further analyses. To select land cover variables that most inﬂuenced indices of stream function, the variable
mportance in projection (VIP) procedure for partial least squares regression (PLSR) was used (see Chong and Jun, 2005).
LSR is particularly amenable for use with highly multicollinear data (Wold et al., 2001), a condition that characterized the
and cover data used in this analyses. Multicollinearity of land cover data was  compounded by the fact that riparian corri-
or and sub corridor scales were nested. The PLSR-VIP procedure was  implemented in a two-step procedure to determine
hat land cover-spatial scale combination most inﬂuenced an index of stream ﬂow. As a ﬁrst step, a particular land cover
t all ﬁve spatial scales were analyzed by PLSR-VIP to determine which spatial scale of that land cover most inﬂuenced a
treamﬂow index. This process was repeated for each land cover variable, and for each streamﬂow index. With six land
over-spatial scale variables per streamﬂow index chosen from the ﬁrst step, a second PLSR-VIP routine with a modiﬁed
ackknife procedure to estimate parameter signiﬁcance (per Martens and Martens, 2000) was carried out. Signiﬁcant land
over-spatial scale variables chosen from the second step and important stream geomorphological variables (by previously
escribed correlation analyses) were then related to each streamﬂow index using multiple linear regression. The strength
f the predictive regression models were evaluated by comparing the predictive r2 statistic generated by each regression
odel.
. Results
.1. Land cover analysis
At the catchment scale, AGR ranged from 23% to 58%, FOR ranged from 13% to 64%, WET  ranged from 4% to 27%, and
MP  ranged from 0.4% to 5.2%. Wetlands typically dominated land cover at the three smallest riparian sub-corridor scales
200 m,  1000 m,  and 2000 m),  with WET  decreasing with increasing upstream extent of riparian sub corridor. Stream sites
n the ASLP ecoregion had fractionally more wetlands in the catchment and riparian corridors compared to those streams
n the SH ecoregion (Fig. 2a). The difference between WET  at the catchment and riparian corridor scales is a measure of
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Table 1
Site characteristics including site location by level 4 ecoregions (ASLP, SH: Atlantic Southern Loam Plains and Sand Hills, respectively), drainage area (DA), bankfull channel dimensions (Wbkf,  Dbkf, Qbkf: bankfull
width,  depth, and ﬂow, respectively), riparian habitat (QHEI) and land cover (For, Ag, Wet, Imp: Forest, Agriculture, Wetland, and Impervious, respectively). Several sites coincided with locations monitored by
USGS  and SCDNR. Flow was  not measured at Site 15 due to beaver activity.
Name Eco-region DA Wbkf Dbkf Qbkf Slope D50 QHEI For Ag Wet  Imp  LDI RBI H BMY Notes
km2 m m m3/s % m % of total DA *10−6 m/s  t/ha/yr
1 Crooked Creek ASLP 167.4 14.3 1.0 6.3 0.110 382 66.5 26.3 42.8 19.9 1.5 11.1 0.15 0.038 1.34
2  Crooked CreekDNR ASLP 72.1 8.9 0.8 2.3 0.069 289 57.5 25.5 33.5 26.5 0.7 13.4 0.19 0.032 0.33 DNR, wadeable
3  Huckleberry Branch SH 17.3 3.4 0.4 0.5 0.420 471 67.5 16.2 51.4 13.6 4.0 15.9 0.14 0.029 1.09 wadeable
4  Thompson Creek SH 385.0 19.8 1.5 15.7 0.039 853 55.5 61.1 28.6 3.9 0.6 5.5 0.19 0.041 0.27 wadeable
5  Juniper Creek SH 50.9 9.2 0.8 1.4 0.023 304 43.0 49.4 28.9 13.5 1.0 6.2 0.21 0.027 0.02 wadeable
6  Juniper CreekDNR SH 96.5 6.8 0.9 2.3 0.170 354 61.5 50.0 28.3 13.8 1.0 6.0 0.14 0.024 1.27 DNR, wadeable
7  Hams CreekDNR SH 45.6 6.9 0.7 1.9 0.200 242 78.0 62.7 26.4 6.9 0.4 3.2 0.23 0.043 1.32 DNR, wadeable
8  Lynches River at Hwy1 SH 998.3 28.9 2.0 42.7 0.033 505 50.0 53.8 34.2 6.3 0.7 5.7 0.31 0.043 0.57
9  Little Lynches RiverDNR SH 154.5 20.7 1.0 11.6 0.140 764 48.0 63.9 23.3 5.4 0.8 4.4 0.42 0.075 0.51 DNR, wadeable
10  Little Fork CreekUSGS SH 39.3 8.1 0.6 2.1 0.280 866 65.0 49.5 35.4 3.7 1.3 7.1 0.46 0.053 1.01 USGS, wadeable
11  Lynches River @ BishopvilleUSGS ASLP 1717.9 46.7 3.2 68.1 0.029 295 43.5 52.8 32.9 9.0 0.7 5.6 0.21 0.040 0.14 USGS
12  Black Creek @ QuinbyUSGS ASLP 1137.1 26.7 2.1 31.5 0.141 319 57.5 30.1 45.1 14.0 2.1 11.2 0.10 0.028 1.39 USGS
13  Black Creek @ McBeeUSGS SH 295.6 17.2 1.6 8.1 0.024 176 55.0 49.5 31.9 11.2 1.1 5.4 0.15 0.028 0.42 USGS
14  Black Creek near ChesterﬁeldUSGS SH 134.1 12.8 1.0 6.8 0.064 400 63.5 38.4 40.7 9.7 1.9 7.9 0.30 0.051 0.83 USGS, wadeable
15  Jeffries CreekDNR ASLP 44.9 465 48.0 13.4 57.6 18.8 2.0 15.4 DNR
16  Jeffries CreekUSGS ASLP 121.1 15.6 1.1 7.7 0.042 594 34.5 15.0 47.9 18.0 5.2 17.7 0.30 0.064 0.19 USGS, wadeable
Mean  342.4 16.4 1.2 13.9 0.12 455 55.9 41.1 36.8 12.1 1.6 8.9 0.23 0.041 0.71
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Table  2
Summary of dependent and independent variables, mode of independent variable selection, type of analyses, and statistical test applied.
Dependent variables Independent variables Independent variable selection Analyses type Statistical test used
Channel morphology RBI, H Correlation Causal Linear regression
BMY  Channel morphology Correlation Causal Linear regression
RBI,  H, BMY  Land cover PLS with VIP Causal Linear regression
RBI,  H, BMY  Channel morphology + land cover From previous steps Predictive Multiple regression
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rsolated or non-riparian wetlands in the catchment. Agriculture was expectedly the primary land cover across the MDRP,
ith gradually increasing intensity as the spatial scale under consideration increased. There was more agriculture within
he entire riparian corridor in the ASLP ecoregion when compared to the SH ecoregion. However, at smaller riparian sub
orridor scales, there was no discernible distinction between agriculture practices between ASLP and SH. Forests dominated
he two largest spatial scales (riparian corridor and entire catchment), and FOR increased with increasing spatial extent
f sub corridor scales. FOR was signiﬁcantly negatively correlated to WET  across all the spatial scales, with the greatest
orrelation at the catchment scale (r = −0.76, p < 0.01), and the least but still signiﬁcant correlation at the riparian corridor
cale (r = −0.53, p = 0.04). When compared by ecoregion, FOR was  more prevalent across all spatial scales in the SH ecoregion
Fig. 3c) than in the ASLP ecoregion. Near-zero values for IMP  were observed within all the riparian sub corridor scales, while
he highest LDI and IMP  were measured consistently at the catchment scale (Fig. 2d and e), reﬂecting that most intense
rbanization occurs outside of the riparian corridor in the MPDRB. The range of IMP  was greater in the ASLP ecoregion due
o the presence of several large towns close to our sampling locations. Similarly, LDI was also higher across all scales in the
SLP mostly likely due to the greater combined presence of agriculture and urbanization in ASLP in relation to SH ecoregion.
verage CN were similar across the ﬁve spatial scales ranging from 36.6 to 75.0 at the catchment scale, and 25.7 to 75.9 across
he four riparian corridor scales. When examined by ecoregion, CN at the catchment and riparian corridor scales were higher
n the ASLP than in SH though this trend diminished with spatial extent of the riparian sub corridor under consideration
Fig. 2f).ig. 2. (a–f): Box plot diagrams for land cover metrics by major ecoregion within the catchment and riparian corridor scales of spatial analyses. The whiskers
xtend to the most extreme data point which is no more than 1.5 times the interquartile range from the box. Points outside the range of the whiskers
epresent outliers and are illustrated by open circles.
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Fig. 3. Streamﬂow at 15 study sites measured over a 2.9 year period of study showing drainage area and ﬂashiness (RBI). The study sites include six
long-term USGS sites, however, only data contemporaneous with this study were used. Horizontal blue lines represent bankfull ﬂow at each site. To
facilitate comparison of ﬂow data from streams of varying sizes, all ﬂow (volume/time) are represented as ﬂow per unit area of watershed per day
(volume/area/time = depth/time). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web  version of this
article.)
3.2. Stream geomorphology
Bed material was typically characterized by particles in the range of sand (0.0063–2.00 mm),  with D16 ranging from
0.063 mm to 0.391 mm,  D50 from 0.176 mm to 0.866 mm,  and D84 from 0.393 mm to 3.705 mm.  The distribution of bed
material as measured by the geometric sorting coefﬁcient had a mean value of 2.74 (range of 1.73–4.43) suggesting that bed
material at the sites ranged from well to poorly sorted distributions. Streams slope ranged in between 0.023% and 0.42%.
Bankfull features identiﬁed by a weight of evidence approach were well correlated with drainage area (Smoot et al., 2015).
QHEI scores ranged from 34.5 (Jeffries Creek USGS) to 78 (Hams Creek DNR), with a mean of 56.Eight streams were in fair
condition (52 ≤ QHEI ≤ 70.9), one in good condition (71 ≤ QHEI ≥ 89.9), and 4 in poor condition (27 ≤ QHEI ≤ 51.9).
3.3. Indices of stream ﬂow (H, RBI, and BMY)
Hammer (H) numbers ranged from 0.024 × 10 −6 m/s  to 0.075 × 10 −6 m/s, with a mean value of 0.041 × 10 −6 m/s. Flashi-
ness (RBI) ranged from 0.11 to 0.42 with a mean value of 0.23 across all sites (Fig. 3). The average calculated bed material
yield (annual average calculated load per unit drainage area or BMY) ranged from 0.02 t/ha/yr to 1.4 t/ha/yr with an average
of 0.71 t/ha/yr across all sites. The mean daily streamﬂow record used in the study is presented for all sites in Fig. 3 and
expressed as depth per unit area of watershed. The streamﬂow record from site 16 (Jeffries Creek, USGS) is only partial due
to decommissioning of that site by USGS.
3.4. Correlating indices of stream ﬂow to land cover and stream geomorphology
On the relationships between stream ﬂow indices and appropriately transformed stream geomorphological variables,
RBI was signiﬁcantly correlated with D50 (r = 0.61, p = 0.017) and D16 (r = 0.59, p = 0.021). H was  positively correlated with
D50 (r = 0.62, p = 0.013), D16 (r = 0.53, p = 0.041), and bankfull velocity (r = 0.46, p = 0.085). BMY  was positively correlated with
QHEI (r = 0.80, p < 0.001), slope (r = 0.79, p = 0.001). Other correlations are presented graphically in Fig. 4a. Correlations within
the set of stream geomorphological variables showed that bankfull dimensions (bankfull width, bankfull depth, and bankfull
channel cross sectional area) were signiﬁcantly correlated with each other, as well as with bankfull ﬂow. The relationships
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wig. 4. Correlation matrix plot showing Pearson’s correlation coefﬁcient between (a) ﬂow indices and geomorphological variables, (b) cross correlation
mong geomorphological variables, and (c) cross correlation among stream indices.
etween bankfull dimensions and bankfull ﬂow are detailed in Smoot et al. (2015). Other correlations that were notable
ere the relationships between average bankfull velocity and three measures of bed material composition: D16 (r = 0.64,
 = 0.010), D50 (r = 0.48, p = 0.073), and the coefﬁcient of gradation (r = −0.55, p = 0.034). Average channel slope and calculated
anning’s coefﬁcient were also signiﬁcantly correlated (r = 0.64, p = 0.011). QHEI was  signiﬁcantly positively correlated with
tream slope (r = 0.69, p = 0.004). Other signiﬁcant correlations not reported due to variable non-independence were those
elationships among bankfull dimensions, bankfull velocity, and average stream slope. Correlations among indices of stream
unction (Fig. 4c) showed that RBI and H were signiﬁcantly positively correlated (r = 0.87, p < 0.001).
.5. Relating geomorphology to indices of stream function
Bivariate linear regression models were used to relate stream indices to the most well correlated stream geomorphological
ariables through bivariate regression. Choice of response and predictor variables were based on the heuristic outlined in
able 2. Bivariate linear regression relationships explained 34% of the variation of transformed D50 with RBI (p = 0.014,
ig. 5a), and H (p = 0.013, Fig. 5b). A bivariate regression model described 59% of the variation in BMY  with transformed
tream slope (p < 0.001). Similarly, another bivariate regression model explained 63% of the variation in BMY  with QHEI
p < 0.001).
.6. Relating landscape to ﬂow indices
H: Based on the two-step PLSR-VIP (Fig. 6a) analysis with jackknife estimation of parameter uncertainty, percent wetland
over within the entire riparian corridor (WETALL) was the only variable of signiﬁcance (p = 0.066). A simple regression model
escribing the variation of H with WETALL was signiﬁcant (adj. r2 = 0.32, p = 0.017) (Fig. 7a) and showed that H decreased
ith increasing wetland cover in the riparian corridor. A two component model describing H with in terms of WETALL and
ransformed D50 values as explanatory variables was also signiﬁcant (adj. r2 = 0.36, p = 0.028). This two-parameter model
ad a predicted r2 of 0.19 (Fig. 7b).
RBI:  Based on the two  step PLSR-VIP analysis (Fig. 6b) with jackknife estimation of parameter uncertainty, percent wetland
over and curve number within the 2000m riparian sub corridor (WET2000, p = 0.014; CN2000, p = 0.083) were variables of
igniﬁcance. A simple linear regression signiﬁcantly described the variation in RBI with transformed WET2000 (adj. r2 = 0.46, = 0.003, Fig. 8a), with RBI decreasing with increasing wetland cover. A simple linear regression also signiﬁcantly described
he variation in RBI with CN2000 (adj. r2 = 0.26, p = 0.031, Fig. 8b), with RBI increasing with curve number. Given the previously
resented signiﬁcant regression model between RBI and D50 (Fig. 5a), a two-parameter predictive multiple regression model
as developed relating RBI to D50 and WET2000. The two  parameter model for RBI had a predicted r2 statistic of 0.40 (Fig. 8c).
270 A.D. Jayakaran et al. / Journal of Hydrology: Regional Studies 5 (2016) 261–275Fig. 5. Scatter plots depicting three ﬂow indices with the most correlated geomorphological variable. Data and regression lines are plotted in untransformed
space, while the adjusted coefﬁcients of determination (adj. r2) were derived using transformed independent variables.
BMY: Based on the two step PLSR-VIP (Fig. 6c) analysis with jackknife estimation of parameter uncertainty, wetland
cover within the 200 m riparian sub corridor zone (WET200) was the only parameter of signiﬁcance (p = 0.051). However, a
bivariate linear regression model with WET200 as a predictor of BMY  was not signiﬁcant (adj. r2 = 0.08, p = 0.16, Fig. 8d). The
best combination of land cover metric (WET200) and geomorphological variable (average stream slope) as predictors of BMY
yielded a predicted r2 of 0.44 (Fig. 8e). However, the regression model that best predicted BMY  was  a multiple regression
model with transformed stream slope and QHEI as predictor variables (pred. r2 = 0.66, adj. r2 = 0.71, p < 0.001, Fig. 8f).
4. Discussion
The MPDRB is predominantly a forested and agricultural landscape located in the Southeastern Plains level 3 ecoregion
of South Carolina. The two level 4 ecoregions (Sand Hills and Atlantic Southern Loam Plains) demarcated a clear transition in
land cover distribution, with watersheds in the Sand Hills (SH) ecoregion characterized by forested land cover while those
in the Atlantic Southern Loam Plains (ASLP) by agriculture. With increasing proximity to a stream, forested and agricultural
land cover in the MPDRB diminished giving way to riparian wetland complexes. At all spatial scales, wetlands were more
Fig. 6. Partial least squares regression biplots showing how landscape variables at particular spatial scales relate to: (a) Hammer number (H), (b) stream
ﬂashiness (RBI), and (c) calculated bed material yield (BMY).
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Fig. 7. Linear regression models that explain the variation of H with: (a) wetland cover in the riparian corridor (WETALL), (b) a two-parameter regression
equation that includes WETALL and log transformed D50.
Fig. 8. Regression equations that explain the variation of RBI with (a) transformed wetland cover in the 2000 m riparian sub corridor (WET2000) by bivariate
regression, (b) curve number in the 2000 m riparian sub corridor (CN2000) by bivariate regression and (c) transformed WET2000. Linear regression models
that  explain the variation of BMY  with: (d) wetland cover in the 200 m riparian sub corridor (WET200), (e) a two-parameter regression equation that
includes stream slope (Slope) and WET200, (f) a two-parameter regression equation that includes stream slope (Slope) and QHEI.
272 A.D. Jayakaran et al. / Journal of Hydrology: Regional Studies 5 (2016) 261–275Fig. 9. Bivariate relationships between (a) stream hammer number and stream ﬂashiness, and (b) D50 of measured bed material and wetland presence in
the  riparian corridor expressed as a percentage.
prevalent in the ASLP ecoregion than in the SH ecoregion. We deﬁned a riparian corridor as 180 m of DEM-derived ﬂow
distance extending to both sides of the stream in the cross-valley direction, and included all tributaries upstream of the
sampling site in the along-valley direction. Within this deﬁned riparian corridor, agriculture and wetland were similarly
distributed in the SH ecoregion, while agriculture was the prevalent land cover in the ASLP riparian corridor. The riparian
corridor across all sampled streams reﬂected the lowest anthropogenic inﬂuence as measured by the percent impervious
land cover and LDI. Within the riparian sub corridor spatial scales, wetland prevalence decreased with upstream distance,
while agriculture and forest correspondingly increased. This observation is consistent with the fact that with increasing
upstream distance, stream gradients are likely to increase while valley width decreases. The combined factors of steeper
streams and narrower valleys limit wetland spatial extent and frequency. It is also possible that commercial interests have
converted many of the less extensive wetland complexes to forest and agricultural land cover in the headwater riparian
corridors in the MPDRB.
Flashiness (RBI): There was a signiﬁcant relationship between the median particle size of bed material and ﬂashiness over
the period of study. A higher ﬂashiness number indicates that the stream is subject to short periods of high velocity ﬂows
relative to average ﬂow conditions (Baker et al., 2004; Poff et al., 1997), a condition that can result in a coarsening of bed
material (Dinehart, 1998) due to higher, albeit brief, periods of increased sediment transport capacity (Robinson, 1976a,b;
Finkenbine et al., 2000; Pizzuto et al., 2000). However, most studies reporting bed material coarsening were related to
depletion of sediment supply in gravel bed streams (e.g. Rubin et al., 1998; Dietrich et al., 1989) or those related to water-
shed urbanization (e.g. Hawley et al., 2013). The signiﬁcant relationship in this study between ﬂashiness and bed material
suggests a mechanism where sediment transport capacity exceeds sediment supply (e.g. Schumm et al., 1984a,b), where
the stream ﬂashiness that we observed is a measure of excess transport capacity within the study reaches. Flashiness was
signiﬁcantly related to wetland cover in the 2000 m riparian sub corridor zone, with decreasing stream ﬂashiness associated
with increasing wetland cover. This result highlights the assimilative capacities of riparian wetland ecosystems and their
inherent ability to attenuate ﬂows, decreasing ﬂow peaks and extending event durations (Gedan et al., 2010; Hillman, 1998;
Woo and Waddington, 1990). The data possibly also reﬂect the fact that wetland presence in the riparian corridor of Middle
Pee Dee River watershed implies the absence of anthropogenic activities that typically invoke stream ﬂashiness (Baker et al.,
2004; Poff et al., 1997). This result holds implications for the regulation of riparian area of streams, especially with regards
to a more systematic protection of riparian wetland ecosystems in the Middle Pee Dee River watershed.
Hammer number (H): The signiﬁcant positive correlation between Hammer number (H) and median bed material size
(D50) mirrors the other signiﬁcant relationship between RBI and D50. Further, RBI and H were also found to be signiﬁcantly
correlated with each other, a result that underscores the fact that RBI measures stream ﬂashiness, and H measures channel
enlargement—a well-documented consequence of stream ﬂashiness (O’Driscoll et al., 2009; Walsh et al., 2005; Henshaw
and Booth, 2000). A simple linear regression relationship between RBI and H explained over 66% of variation of H with RBI
(p < 0.001, Fig. 9a). As with RBI, the most signiﬁcant land cover variable associated with H was wetland cover. However, unlike
RBI that was negatively correlated with wetland cover in the 2000 m riparian sub corridor, H was negatively correlated with
wetland cover within the entire riparian corridor scale. This result illustrates the dependence of H on a reach equivalent
spatial scale echoing Pizzuto et al.’s (2000) observation that H was  a measure of channel characteristics and not watershed-
scale factors. The result further suggests that for a given drainage area and stream slope, bankfull ﬂow and associated
bankfull channel dimensions diminish with increased wetland cover in the riparian corridor. Perhaps the very mechanisms
of ﬂashiness attenuation provided by riparian wetland systems also mitigate channel enlargement (as measured with H)
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nd bed material coarsening. In fact, median bed material size signiﬁcantly reduced (adj. r2 = 0.43, p = 0.004) with increased
resence of wetland within the riparian corridor (Fig. 9b).
Bed material yield (BMY): The total calculated bed material moved at each site over the period of study was signiﬁcantly
elated to drainage area, as sites with larger drainage areas experience a greater volume of runoff at the watershed outlet
hat in turn moved more bed material. The most inﬂuential geomorphic parameters on BMY  were average stream slope
nd QHEI. Wetland cover within the 200 m riparian was  shown to be important by the PLSR-VIP procedure but was  not
igniﬁcant when tested by linear regression. Given that stream slope is an integral part of Brownlie’s transport equation,
ts inﬂuence on BMY  was well within reason. The fact that increased BMY  was associated with high QHEI values reﬂects
he fact that streams with higher gradients and coarse exposed bed material score high by the QHEI framework—the latter
wo parameters also being indicators of high bed material transport. The utility of BMY  estimates in this study (range:
.02–1.4 t/ha/yr) is primarily as a consistent metric for comparison between study sites. The body of published studies on
ed material yields for Coastal Plain watersheds is limited to those that measure suspended sediment and/or total sediment
ields (e.g. Gellis et al., 2009; Slattery et al., 2002; Calvo-Alvarado and Gregory, 1997; Phillips, 1995; Simmons, 1988; Ursic
nd Dendy, 1965). Results from this study are comparable to sediment yields published by these workers, however, since
e only estimated bed material yield (a fraction of total sediment yield), our results are clearly biased high. Stott and Mount
2004) published a synthesis of bed load yield estimates from forested upland catchments in the United Kingdom, reporting
ean bed load yield from a mature forested catchment as 0.17 t/ha/yr and from a harvesting forest as 0.58 t/ha/yr.
.1. Implications for developing wetland-speciﬁc regulations in South Carolina
The median bed material particle size (D50) was  closely related to instream ﬂow conditions with coarser bed material
ssociated with ﬂashier streams and larger hammer numbers. This result suggests that one might potentially estimate a
tream’s ﬂashiness or hammer number in the MPDRB by measuring particle size distribution of bed material, a particularly
seful result especially when the resources to install a stream gauge and to estimate streamﬂow over a sufﬁcient period of
ime are not available. From the perspective of habitat protection, QHEI scores were clearly greater at sites with small drainage
reas—suggesting the importance of protecting headwater streams in the MPDRB as important habitat for aquatic fauna.
etland cover in the riparian corridors of the MPDRB played statistically signiﬁcant roles in regulating stream ﬂashiness,
ammer number, and bed material transport. As typical anthropogenic activities in the MPDRB involve the conversion of
etland and forested landscapes to agriculture and development, we are likely to see greater ﬂashiness, hammer numbers,
nd possibly increased bed material yield from the MPDRB. In terms of the spatial extent that streamﬂow indices are
nﬂuenced, stream ﬂashiness was inﬂuenced by wetland cover within the riparian corridor extending to 2 km upstream of
he sampled site. This included the riparian corridor of all tributary streams within 2 km (upstream along channel) of that
ite. Channel enlargement (Hammer number) was even more sensitive to wetland cover, being inﬂuenced by wetland cover
ithin the entire riparian corridor (including all upstream tributaries). Currently, there are no state-speciﬁc regulations
ertaining to wetland management or regulation in South Carolina. The United States Army Corps of Engineers administers
ection 404 of the Clean Water Act limiting wetland alteration, and the South Carolina Department of Natural Resources
rotects non-coastal wetlands by administering the federal Water Quality (401) Certiﬁcation program under the Clean
ater Act. However, the latter is limited to water quality and does not address water quantity metrics such as ﬂashiness. In
he southeastern USA, the predominant cause for change in acreage of forested wetlands was  agriculture, urbanization and
orestry (Wear and Greis, 2002) though the majority of wetland conversion took place prior to 1980. Between 1986 and 1997
owever, around 3% of forested wetlands have been lost in the southeastern USA as compared to 15% between 1950 and
970 (Wear and Greis, 2002). It therefore stands to reason that protecting riparian wetlands is intimately intertwined with
tream function, and therefore developing wetland-speciﬁc regulation for South Carolina a critical step towards ensuring
he future stability and health of streams in the MPDRB. Finally, we  believe that while an ecoregion is the appropriate unit
ithin which to evaluate stream function for the development of state-speciﬁc environmental regulations, the geographic
xtent of such studies should not extend beyond the boundaries of a single level 3 ecoregion.
.2. Future work
While most relationships presented in this study between land cover, channel morphological measurements, and indices
f streamﬂow were signiﬁcant, the ability to predict streamﬂow indices from landscape and channel measurements alone
ere low. We  believe that variation among sites within level 4 ecoregions is partly the reason for this low predictive power.
uture studies incorporating a larger number of study sites stratiﬁed by level 4 ecoregion is likely to produce multivariate
odels with greater predictive power.
. ConclusionsWith this work, we have presented three indices of streamﬂow that may  be used to quantify instream functioning as
ell as presented how ﬂuvial geomorphic and land cover variables affect these indices. The effect of watershed land cover
ype, and the scale at which speciﬁc land covers alter streamﬂow regime provides insight into how ﬂuvial geomorphological
haracteristics will change with changing in land cover. The study also offers insight into how far upstream one might need
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to manage the upstream riparian corridor in order to ensure that a speciﬁc location in the drainage network is protected.
Lastly, the protection of riparian wetlands is critical in ensuring that the ﬂow regime in MPDRB is buoyed from destabilizing
anthropogenic activities on the landscape.
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